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Nanofabrication inside Microfluidic Chips for Biomimetic  
Wet-Spinning of Fibres 
Jonas Lölsberga,b,+, John Linkhorstb,+, Arne Cinarb, Alexander Jansa, 
Alexander J. C. Kuehnea and Matthias Wesslinga,b,* 
Microfluidics is an established multidisciplinary research domain with widespread applications in the fields of medicine, 
biotechnology and engineering. Conventional production methods of microfluidic chips have been limited to planar 
structures, preventing the exploitation of truly three-dimensional architectures for applications such as multi-phase droplet 
preparation or wet-phase fibre spinning. Here the challenge of nanofabrication inside a microfluidic chip is tackled for the 
showcase of a spider-inspired spinneret. Multiphoton lithography, an additive manufacturing method, was used to produce 
free-form microfluidic masters, subsequently replicated by soft lithography. Into the resulting microfluidic device, a three-
dimensional spider-inspired spinneret was directly fabricated in-chip via multiphoton lithography. Applying this 
unprecedented fabrication strategy, the to date smallest spinneret nozzle is produced. This spinneret resides tightly sealed, 
connecting it to the macroscopic world. Its functionality is demonstrated by wet-spinning of single-digit micron fibres 
through a polyacrylonitrile coagulation process induced by a water sheath layer. The methodology developed here 
demonstrates fabrication strategies to interface complex architectures into classical microfluidic platforms. Using 
multiphoton lithography for in-chip fabrication adopts a high spatial resolution technology for improving geometry and thus 
flow control inside microfluidic chips. The showcased fabrication methodology is generic and will be applicable to multiple 
challenges in fluid control and beyond. 
 
Introduction 
Biomimicry in textiles has a long history of providing man with 
ever-growing knowledge about the production of artificial 
fibres.1 In particular, spider silk fibres attract attention with 
their superior strength to weight ratio.2-5 Dozens of potential 
applications are proposed for spider silk fibres in the domain of 
regenerative medicine, for example as surgical sutures or as 
artificial skin scaffolds.6 However, the bulk production of 
artificial spider silk fibres with native dimensions of smaller than 
5 µm diameter remains a bottleneck.7-13 
Several promising microfluidic approaches were used in the 
past to generate functional fibres of small dimensions. For 
example, coaxial liquid flow (flow-focusing) devices were 
applied to produce anisotropic hollow fibres by in situ 
photo-polymerization or soft hydrogel fibres for the use as 
degradable scaffolds. Flow-focusing microfluidic devices were 
utilized for the production of cell adhesive porous/non-porous 
Janus fibres using photo-curable polyurethane, for phase 
separation spinning of biodegradable tissue, for wet-phase 
spinning of silk fibres and for self-assembling recombinant 
spider silk fibres.14-21 These microfluidic wet-spinning processes 
yield small fibres within the double-digit micron scale as 
measured in a wet state. 
Today's microfluidic fibre syntheses with controlled shape 
and surface topology are hampered by the planar environment 
of current microfluidic setups produced by soft-lithography. The 
lateral dimensions of these microfluidic channels are often 
limited to a range of hundreds rather than tens of micrometres, 
and it is through the use of special techniques such as casting-
shrinkage methods to decrease the dimensions of microfluidic 
channels to the double and single digit micron scale.22 
A potential approach to fabricate such small fibre 
dimensions may be the integration of a miniaturized spinneret 
into a microfluidic chip. A potential technology for embedding 
micro- and nanoscale systems into microfluidic devices is 
multiphoton lithography, a direct additive manufacturing 
technique to produce three-dimensional polymeric structures, 
such as tiny flow channels or periodic grating structures on the 
order of the wavelength of visible light.23-27 Multiphoton 
lithography is used for in-chip fabrication of embedded 
patterns, filters, valves, mixers, and sensors.28-41 However, 
interfacing fine fluidic structures with macroscopic flow 
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channels with inlet- and outlet connections still remains a 
challenge as to our knowledge pressure resistant and liquid 
tight connections are not reported. 
We therefore hypothesize that microfluidic devices in 
conjunction with in-chip fabrication methods could be a new 
road to miniaturize artificial spider spinneret nozzles generating 
fibres with native dimensions in a controlled environment. To 
support the hypothesis, we use multiphoton lithography as a 
tool to embed a significantly smaller nozzle by in-chip laser 
lithography into a larger flow channel fabricated by dip-in laser 
lithography. This unprecedented fabrication process integrates 
dip-in laser lithography, soft lithography, and in-chip laser 
lithography to fabricate an integrated micro-spinneret nozzle 
within a microfluidic device, which would have been 
unachievable using contemporary fabrication techniques. This 
device is utilized to produce thin fibres in a wet-spinning process 
where a polymer solution made of polyacrylonitrile (PAN) is 
coagulated and solidified into a solid microfibre with single digit 
micrometre dimensions. 
Results and discussion 
To integrate the micro-spinneret into the geometry of a 
microfluidic channel, we design a novel production pathway, 
which is summarized by the following three steps: The 
fabrication of free-form microfluidic masters using dip-in laser 
lithography (Fig. 1a), soft-lithography to mould a channel 
geometry from the positive master relief into 
poly(dimethylsiloxane) (PDMS) (Fig. 1b) and finally in-chip laser 
lithography for embedding the spinneret inside the microfluidic 
channel (Fig. 1c). 
Fabrication of free-form microfluidic devices 
The output of the dip-in laser lithography and soft-lithography 
methods is a free-form fabricated microfluidic PDMS chip 
(Fig. 2b) bond to a transparent glass substrate. The microfluidic 
chip consists of two inlet channels and one outlet channel. The 
openings of the inlet and outlet channels are structured with a 
zigzag pattern, a so-called labyrinth seal, to facilitate fluid-tight 
and pressure-resistant interfacing between the PDMS channel 
and the embedded spinneret.42 There are two additional 
channels perpendicular to the outlet channel, designed to be 
filled with sealant, improving adhesion and structural integrity. 
The five channels merge at a junction, the nozzle holder. The 
channel sidewalls of the junction have an angle of 30° widening 
towards the plasma-bond transparent glass slide, which is an 
essential pre-requisite to prevent shadowing effects when using 
in-chip laser lithography.43 Shadowing effects can arise by 
absorption, reflection and diffraction of the laser beam due to 
refractive index differences between the PDMS channels, the 
polymerized structures and the unpolymerized photoresist. 
Such effects distort and deflect the focal point of the laser, 
leading to insufficient power to initiate the two-photon 
polymerization reaction. Preventing shadowing is therefore the 
key to tight connections between the microfluidic chip and the 
embedded spinneret. 
In-chip fluid dynamics simulations 
Prior to the in-chip fabrication process of the spinneret, we 
model the fluid dynamic behaviour (Fig. 3) and we take 
inspiration from the spinning process of spider silk. During the 
silk spinning process, the spider produces fibres with an outlet 
velocity on the order of 1 cm s-1 at the nozzle tip of its spin 
gland.2, 3, 44 To generate a homogenous flow profile with equal 
flow velocity of bore and sheath fluid, we set the bore volume 
flow rate to 4.1 µL s-1 and the sheath flow rate to 150.7 µL s-1 
according to the ratio of lumen cross-section and sheath flow 
channel cross section. From the inlet channels of the sheath 
fluid, we observe a decelerating flow due to the increased 
channel diameter when the channel opens into the nozzle 
Fig. 1 Fabrication process for integrating a spinneret into microfluidic channels. 
(a) Maskless dip-in laser lithography used to print free-form positive moulds with an 
internal rectangular scaffold for structural integrity and an external tilted wall. (b) Mould 
replication by soft lithography using PDMS. (c) In-chip laser lithography to fabricate an 
embedded spinneret into the nozzle holder of the microfluidic PDMS chip.
Fig. 2 SEM images of (a) the free-form positive mould printed by dip-in laser 
lithography and (b) the PDMS mould replicated by soft lithography. In total, five tilted 
channels merge into a junction, the nozzle holder, where the spinneret will be 
embedded. 
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holder that contains the spinneret nozzle (Fig. 3a). The bore 
fluid supplied by the other inlet channel accelerates towards the 
end of the spinneret due to the tapered nozzle (Fig. 3b). This 
flow configuration induces shear forces on the bore fluid, which 
further increase toward the nozzle tip. The bore fluid diameter 
is further reduced when leaving the nozzle as it is focused by the 
surrounding sheath flow. The modelled coaxial flow distribution 
inside the spinneret is presented at five discrete positions along 
the flow path (Fig. 3c). The in-plane velocity distribution 
develops towards complete homogeneity from the nozzle 
holder inlet to the nozzle opening. The final optimized spinneret 
geometry (Fig. 3d) is then used for the in-chip lithography 
fabrication step. 
In-chip laser lithography fabrication of the embedded spinneret 
Printing the optimized nozzle into the nozzle holder is 
performed by filling it with negative tone photoresist and 
subsequent initiation of the printing process. The laser light 
exposure induces a two-photon polymerization and crosslinking 
reaction, curing and hardening the resist material in the desired 
three-dimensional geometry (see ESI Vid. S1†). After 
completion, the inlet and outlet channels are used to flow in a 
solvent for removal of unpolymerized photoresist, revealing the 
delicate spinneret geometry with a nozzle diameter of 12 µm 
(Fig. 4). The resulting spinneret geometry is perfectly aligned 
with regards to the sidewalls of the junction and the 
surrounding microfluidic channel network. The inner spinneret 
nozzle is centred and mechanically stabilized using fins reaching 
towards the sheath flow channel sidewalls. The fins are 
designed to avoid any influence of the flow profile. 
Additional sealing with silane-based glue from the 
perpendicular side channels encloses the printed spinneret 
geometry and creeps into small voids to block all potential 
leakages. After curing the glue (see ESI Vid. S2†), a liquid-tight 
operation up to an inlet pressure of 2x105 Pa is possible. The 
surface quality of the embedded spinneret and the surrounding 
PDMS chip depends on the applied laser lithography printing 
parameters, including the slicing and hatching distances as well 
as the laser power and speed.45, 46 At high laser power, we 
observe bubbles emerging at the PDMS and glass interfaces due 
to a laser light induced rapid heating and evaporation of the 
photo-acid. This problem is avoided by programming a spatial 
laser intensity gradient into the 3D model, reducing the power 
when the laser is in close proximity to the PDMS and glass 
interfaces. 
In-chip colour experiments 
The fluid dynamic behaviour of the embedded spinneret is first 
tested using coloured aqueous solutions as shown in the 
micrograph in Fig. 5a. The blue inner bore solution is 
surrounded by the yellow outer sheath solution. This simple 
testing method verifies the capability to focus the inner bore 
flow. The flow-focusing effect is proportional to the ratio of the 
applied sheath and bore pressures. When increasing the sheath 
pressure the diameter of the blue inner bore solution is 
reduced. This phenomenon is also observed when modelling 
the fluid dynamic behaviour of the spinneret. In addition, the 
test verifies leakage-free operation, proving there is intimate 
sealing of the microfluidic chip with the interfacing spinneret 
and the surrounding adhesive. 
In-chip fibre syntheses 
To highlight the applicability of our embedded spider inspired 
spinneret, we perform continuous flow-focused wet spinning of 
a single PAN fibre over an extended fabrication time of 15 h. 
During screening experiments, we adjusted the bore and sheath 
fluid compositions to find stable process conditions. The initial 
bore fluid contains 10 % (w/w) PAN dissolved in dimethyl 
sulfoxide (DMSO) resulting in a high bore pressure loss, which is 
reduced by decreasing the PAN concentration to 2 % (w/w). 
This adaptation allows continuous jetting of the bore fluid with 
an estimated speed of 5 cm s-1 at 0.5x105 Pa inlet pressure and 
prevents fluid instabilities at the nozzle tip. To avoid immediate 
coagulation of the PAN bore fluid at the orifice of the spinneret, 
which would lead to nozzle fouling or blockage (see ESI 
Vid. S3†), we added 65 % (w/w) DMSO in deionized water as the 
sheath fluid delays the phase inversion significantly.47 This 
adaption enables a more gradual PAN fibre coagulation in the 
microfluidic chip.48 The flow-focusing effect is directly visible at 
the nozzle tip in the micrograph in Fig. 5b as the emerging PAN 
Fig. 3 Simulation of the flow field inside the embedded spinneret visualized by 
(a) streamlines of the outer surrounding sheath flow regime and (b) streamlines of the 
inner bore flow regime. (c) The lateral distribution of the sheath flow is shown at five 
discrete positions along the flow path. The streamlines and planes are colour-coded by 
velocity magnitude. CAD drawing of the optimized geometry from the (d) top view.
Fig. 4 SEM images of (a) the embedded spinneret interlocked into a microfluidic 
channel and (b) showing a close-up of the 12 µm nozzle tip. A video showing the printing 
process can be found in the ESI Vid.S1†.
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solution reduces its diameter from 12 µm at the nozzle orifice 
to 4 µm within the first 119 µm. As result of the stable flow-
focusing effect, which is maintained by accurate pressure 
control, this wet-spinning process yields PAN fibres with 
diameters of 2.7 µm as shown in Fig. 6c and d. Such narrow 
diameter PAN fibres can usually only be obtained after 
stretching and elongation.49 To our knowledge, micrometre-
sized PAN fibres from solutions as low as 2 % (w/w) have never 
been directly obtained before, reflecting the high control and 
optimized spinning conditions inside the flow-focusing 
microfluidic device (see ESI Vid. S3†).50 As the fibre is collected 
in the coagulation bath into which the outlet channel of the chip 
is immersed, we observe an unaligned fibre arrangement 
produced by flow deceleration (Fig. 6a). Other collection setups 
allow for the collection of the fibres in an aligned way (Fig. 6b).13 
We selected single fibres and applied the HDMS drying method 
to investigate the fibre morphology in a dry state by FESEM 
(Fig. 6c). The HMDS drying procedure has proven to be a fast 
and simple tool showing excellent results for drying fibres. The 
fibre topology appears to be corrugated as a result of the 
coagulation process, when the non-solvent diffuses from the 
fibre surface through the cross-section during solidification. We 
assume that this solvent/non-solvent exchange forms a rigid 
fibre skin before the centre of the fibre is solidified, yielding the 
corrugated surface topology.51 This assumption is supported by 
the fact that the textures are aligned with the fibre direction, 
potentially resulting in a skin-core structure (Fig. 6d).52 All 
examined fibres exhibit only small deviations in diameter 
further supporting excellent control and reproducibility of the 
PAN spinning conditions. 
Experimental 
Dip-in laser-lithography of free-form positive moulds 
A schematic of the dip-in laser lithography step for the maskless 
fabrication of free-form microfluidic masters is shown in Fig. 1a. 
The microscopy glass substrates (Sigma-Aldrich, 
25 x 75 x 1 mm) used for the microfluidic master fabrication 
were first cleaned in an ultrasonic bath of isopropanol 
(Sigma-Aldrich, ≥ 99.8 % (GC)), followed by sonication in 
acetone (Honeywell, ≥ 99 % (GC)). To promote adequate 
photoresist adhesion, the glass substrates were silanized 
overnight by immersion in a solution containing one drop of 
3 (trimethoxysilyl)propyl acrylate (Sigma-Aldrich, 92 % with 
100 ppm BHT) per 5 mL of acetone.53 The silanized glass 
substrates were rinsed with deionized water, blown dry with 
nitrogen, covered with multiple droplets of photoresist 
(Nanoscribe, IP-S), and remaining air bubbles were removed 
with a needle. The photoresist covered substrates were 
mounted in the multiphoton 3D printer (Nanoscribe, Photonic 
Professional GT) and the microfluidic masters were printed 
section-wise with rectangular splitting using a 25x lens with a 
numerical aperture (NA) of 0.8 to focus the laser beam into the 
photoresist, inducing two-photon polymerization. To reduce 
the fabrication time to 6 h, the structure was printed in two 
sections with an outer shell consisting of 10 layers and an 
internal tetrahedron scaffold, applying slicing and hatching 
distances of 400 nm and 200 nm, respectively.54 After the 
printing process, the microfluidic masters were developed for 
10 min in propylene glycol methyl ether acetate (PGMEA) 
(Sigma-Aldrich, ≥ 99.5 %) and rinsed for 3 min with isopropanol. 
The inside of the microfluidic master structure was still 
composed of uncured photoresist, supported by the 
polymerized scaffold for structural integrity. The remaining 
liquid photoresist core was fully solidified in a post-curing step 
by 12 h exposure to an ultraviolet light source (302 nm, 8 W). A 
Fig. 5 Optical micrographs of (a) the spinneret operated with an inner blue bore fluid 
and an outer surrounding yellow sheath fluid. The arrows represent the flow direction 
inside the microfluidic chip. (b) Fabrication of micrometre-sized PAN fibres in a wet-
spinning process (image is a video still). The small arrows visualize the flow-focusing 
effect, which reduces the diameter of the emerging polymer solution coagulated in the 
water sheath layer. See the full video in the ESI Vid.S3†.
Fig. 6 Optical micrographs of (a) the unaligned fibre arrangement and (b) aligned 
fibres after the wet-spinning process of PAN. FESEM images of (c) a spun fibre that has 
broken in half after solvent drying and (d) a higher magnification image showing the 
surface topology of an individual fibre with a diameter of 2.7 µm. 
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scanning electron microscopy (SEM) (Hitachi, TM3030) image of 
the resulting microfluidic master is shown in Fig. 2a. 
Mould replication of the microfluidic channels by soft lithography 
Fig. 1b shows the poly(dimethylsiloxane) (PDMS) (Dow Corning, 
Sylgard® 184 plus curing agent, 10:1 (w/w)) molding and plasma 
bonding steps.55 PDMS was cast onto the photoresist master 
and cured overnight at 60°C in an oven. Holes for the connecting 
tubing were punched into the detached PDMS slab. Residuals 
on the PDMS slab were removed by sonication with isopropanol 
followed by 3 h of drying at atmospheric conditions. To form the 
microfluidic chip the PDMS slab was plasma bonded to a 
microscope cover slide (Sigma-Aldrich, 24 x 50 x 0.145 mm). 
Plasma treatment of the PDMS slab and the glass slide was 
carried out simultaneously under an absolute oxygen pressure 
of 120 Pa (40 mL min-1) at 40 W for 30 s (TePla 100 Plasma 
System, PVA).56 Using a microscope cover slide with a thickness 
of 145 ± 15 µm ensured that the following in-chip laser 
lithography step was within the working distance of the 
microscope. The SEM image in Fig. 2b shows the PDMS nozzle 
holder of the microfluidic chip before plasma bonding. 
In-chip fluid dynamics simulations 
Computational fluid dynamics (CFD) simulations of the 
spinneret geometry were carried out with COMSOL 
Multiphysics® prior to the in-chip fabrication process to gain a 
better understanding of the fluid dynamic behaviour and to 
design a spinneret geometry with homogeneous flow around 
the orifice. The geometry was imported from a computer-aided 
design (CAD) model using Autodesk Inventor. As a first estimate, 
a stationary single-phase flow was simulated using the fluid 
properties of water at standard temperature from the software 
database. Fully developed laminar inflow conditions and zero 
outlet pressure were assumed. The mesh was refined towards 
an average element quality of 0.66 with approximately two 
million mesh elements leading to a stable pressure-loss probed 
between the inlet and outlet. Based on the CFD simulation 
results the spinneret geometry was altered using CAD to 
influence and optimize towards the desired homogeneous flow 
field at the nozzle orifice. 
In-chip laser lithography fabrication of the embedded spinneret 
The in-chip laser lithography process used to embed the 
optimized spinneret structures into the microfluidic PDMS chip 
is shown in Fig. 1c. As preparation for this printing process, the 
microfluidic channels were filled with liquid photoresist 
(Nanoscribe, IP-L). After the alignment and positioning of the 
coordinate system to the nozzle holder, the spinneret was 
printed top down with the 25x lens within 30 min, using slicing 
and hatching distances of 400 nm and 200 nm, respectively. 
Tubing (Smiths Medical, fine bore polythene, inner 
diameter: 0.38 mm, outer diameter: 1.09 mm) was attached 
and glued (UHU, Max Repair Extreme) to the punched holes of 
the microfluidic chip. The embedded spinneret was then 
developed by manually flushing acetonitrile (ACN) (Sigma-
Aldrich, anhydrous 99.8 %) through the channels for 10 min to 
remove uncured photoresist. Subsequently, the microfluidic 
channels were flushed with isopropanol for 3 min and dried 
with air. Due to the strong swelling of PDMS in PGMEA, ACN was 
found to be a more appropriate solvent for photoresist 
development in this system.57 To improve sealing and structural 
integrity of the embedded spinneret, silane-based glue (UHU 
Max Repair Extreme) was pushed into the two sides as shown 
in Fig. 1c in dark blue. As demonstrated in Fig. 4a, the 
embedded spinneret was printed into an open microfluidic 
PDMS channel, which was not bond to a glass substrate by the 
plasma treatment to obtain SEM images. 
In-chip colour experiments 
The working principle of the embedded spinneret was visualized 
using two coloured fluids as shown by the optical microscopy 
image (Motic, AE2000) in Fig. 5a. Blue (E133) and yellow (E100) 
food colouring (Dr. Oetker GmbH) were separately dispersed in 
water by ultrasonication at a water to dye ratio of 1:2 (w/w). A 
system comprising two pressurized vessels was connected to 
the inlets of the microfluidic chip via the glued tubing. The 
pressure was adjusted manually until a stable flow profile 
developed. 
In-chip fibre syntheses 
The embedded spinneret was then used to fabricate 
micrometre-sized polymer fibres using an inner bore fluid 
containing 2 % (w/w) polyacrylonitrile (PAN) (Sigma-Aldrich, 
powder 50 µm mean particle size) dissolved in 
dimethylsulfoxide (DMSO) (Sigma-Aldrich, ≥ 99.9 %) and an 
outer sheath fluid containing 35 % (w/w) deionized water 
(Milli-Q) in DMSO.48 During the fibre synthesis experiments, the 
optical microscope including the microfluidic chip was tilted 
vertically and the chip was dipped into a petri dish filled with 
the sheath fluid. This ensured that the spun fibre was collected 
without an air gap at the bottom of the sliced microfluidic chip. 
The fibre spinning process was initialized by increasing the 
sheath pressure until a stable flow developed. The bore 
pressure was then manually adjusted until first the remaining 
air and later the bore liquid were released through the nozzle 
tip. After spinning, the fibres were first analysed in a wet state 
by optical microscopy as shown in Fig. 6a and b. Following the 
protocol of Nation et al., the fibres were stepwise dehydrated 
with ethanol (Sigma-Aldrich, ≥ 99.8 % (GC)) and dried using 
hexamethyldisilazane (HMDS) (Sigma-Aldrich, ≥ 99.0 % (GC)).58 
The fibres were sputtered (Leica, EM ACE600) with a 6 nm 
gold/palladium layer (4:1 (w/w)) and analysed by field emission 
scanning electron microscope (FESEM) (Hitachi, S4800) as 
shown in Fig. 6c and d. 
Conclusions 
In this paper, we demonstrate a novel in-chip fabrication 
strategy that can be used to interface microscopic fluidic 
structures with macroscopic channel systems. We show the 
feasibility to make use of additive fabrication methods to 
prepare intricate three-dimensional microfluidic features and 
facilitate interfacing with real-world connection systems. Using 
this in-chip fabrication method, we established a biomimetic 
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wet-spinning process by miniaturization of an artificial spider-
inspired spinneret nozzle that is much smaller than the current 
state-of-the-art to produce wet-spun monofilaments with 
unseen dimensions of native spider silk. We predict that further 
process optimization, such as enhanced flow-focusing and the 
fabrication of smaller nozzles will allow wet-spinning of fibres 
with even smaller dimensions, potentially within a few hundred 
nanometres. Whether the presented wet-spinning process will 
enable the fabrication of artificial spider silk fibres with 
enhanced morphology and topology remains to be investigated 
in the future. 
This methodology developed here, with dimensions 
covering length scales over several orders of magnitude, can be 
interfaced with other additive manufacturing technologies to 
augment device functionality and versatility.59-63 We are 
confident that the presented technology can amplify the 
knowledge base of fabrication techniques to miniaturize 
complex and integrated systems. 
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